The Long-term Corrosion Behavior of Abandoned Wells Under CO2 Geological Storage Conditions: (3) Assessment of Long-term (1,000-year) Performance of Abandoned Wells for Geological CO2 Storage  by Yamaguchi, Kohei et al.
 Energy Procedia  37 ( 2013 )  5804 – 5815 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.06.503 
GHGT-11 
The long-term corrosion behavior of abandoned wells under 
CO2 geological storage conditions: 
 (3) Assessment of long-term (1,000-year) performance of 
abandoned wells for geological CO2 storage 
Kohei Yamaguchia*  Satoko Shimodab  Hiroyasu Katoa  Michael J. Stenhousec  
Wei Zhouc  Alexandros Papafotiouc  Yuji Yamashitad  Kazutoshi Miyashirod  
Shigeru Saitod 
aMitsubishi Materials Corporation, 1-297 Kitabukuro-cho, Omiya-ku,Saitama, 330-8508 Japan 
bMitsubishi Materials Corporation, 1002-14, Mukohyama, Naka, Ibaraki 311-0102, Japan 
cINTERA Incorporated, 3900 S. Wadsworth, Suite 555, Denver, CO USA 80235  
dJapan CCS Co., Ltd., 1-7-12, Marunouchi, Chiyoda-ku, Tokyo, 100-0005 Japan 
Abstract 
A hypothetical CO2 storage site that has some abandoned wells located near the injection well is considered. 
Generally, cement plugs are set to cover or isolate porous or productive formations and to isolate usable groundwater 
from hydrocarbons. When CO2 is injected into a reservoir, supercritical CO2 or dissolved CO2 spreads out in the 
reservoir. This dissolved CO2 can react chemically with cement seals (plugs and casing cement) in abandoned wells. 
As a result, minerals in the cement seals (plugs and casing cement) may alter to form other minerals or mineral 
phases. 
The first simulations concerning migration of supercritical CO2 and dissolved CO2 in a saline aquifer and a depleted 
gas field reservoir, were carried out using TOUGH2. The following temperatures and depths of reservoir were 
selected: 50 ºC at E.L.-1,000 m, 60 ºC at E.L.-1,500 m and 70 ºC at E.L.-2,000 m. 
Secondly, geochemical reactions of cement seals (plugs and casing cement) were simulated. The results of reservoir 
simulations were used as boundary conditions for the geochemical calculation of cement seals. Geochemical 
simulation of the reactions yielded the extent (length) of alteration of cement seals (plugs and casing cement) after 
long time periods; for example, the alteration length of cement seals after 1,000 years was about one meter. This 
length is short enough so that the usable cement seals (plugs and casing cement) of abandoned well are able to 
continue to isolate CO2 in the reservoir from the upper aquifer. 
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1. Introduction 
CO2 storage in deep saline aquifers (Type I) or in depleted gas fields (Type II) are two examples of 
geological storage [1]. Potential leakage through abandoned wells represents one of the risks for these 
cases [1]. 
Abandoned wells generally have one or more cement plugs so that migration to the surface is 
prevented. In this research, CO2 geological storage areas with abandoned wells are assumed (hypothetical). 
The storage reservoir is filled with supercritical CO2 or formation water dissolving CO2 in high 
concentration when CO2 is injected resulting in the alteration of cement plug(s). 
It is important that the degradation length in, for example, a cement plug be assessed. For such an 
assessment, it is necessary that movement of CO2 in the reservoir is simulated. In this research, firstly, the 
movement in the reservoir is simulated when CO2 is injected. Secondly, after the environment near the 
abandoned wells has been predicted, chemical reaction between cement minerals and CO2 are simulated 
by a geochemical calculation code. The alteration of casing at abandoned well is reported in Azuma et al. 
(2012) [2]. In this study, cement materials are 
the focus of the research. 
2. Simulation of experimental results 
The results of alteration experiments are 
reported in Satoh et al. (2012) [3]. These 
experimental results are calculated by a model 
involving dissolution of cement mineral and 
precipitation of secondary minerals. Calculation 
results were compared with the experimental 
results.
2.1. Method of calculation 
Temporal changes of cement minerals are calculated by 
geochemical calculation code 'PHREEQC-TRANS'[4]. In 
the calculation, minerals in the cement paste will dissolve or 
precipitate quickly to achieve the equilibrium or minerals 
will dissolve completely. Dissolved materials in the aqueous 
phase can move by diffusion. 
2.2. Calculation model 
The experimental results in which core specimens of 
cement are altered in wet CO2 or saturated water with 
dissolved CO2 are calculated by geochemical transport code. 
The area from center of the core to outer boundary is treated 
Fig. 1. Calculation model 
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Fig. 2. Initial volume percent of minerals and 
porosity in the core specimen of cement ( Class 
G cement, chemical formula of each mineral : 
Brucite (Mg(OH)2), Ettringite 
(Ca6Al2(SO4)3(OH)12(H2O)26), Hydrogarnet 
(Ca3Al2(OH)12), C-S-H gel 
(CaO(SiO2)0.556(H2O)1.047), Portlandite 
(Ca(OH)2) 
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as a 1D model. In the case of the core immersed in water saturated with dissolved CO2, water saturated 
with dissolved CO2 is modeled next to outer boundary of 1D model of the core. The models are shown in 
Fig. 1. 
2.3. Calculation conditions 
Initial amount of minerals after Class G cement powder is hydrated depends on the chemical 
composition of Class G cement powder. All of the cement powder is considered to be hydrated. The 
initial composition of minerals is shown in Fig. 2. Initial porosity in the calculation was set equal to the 
measured porosity. 
The major chemical reaction is precipitation of calcium carbonate and dissolution of calcium carbonate 
when CO2 contacts cementitious material. 
By contact with a higher pH solution due to dissolution of CO2, portlandite and C-S-H gel of the initial 
cement minerals are dissolved, releasing calcium ions and carbonate / bicarbonate ions.  
Dissolved calcium ion reacts with carbonate ion resulting in the precipitation of calcium carbonate 
(CaCO3). When Portlandite and C-S-H gel exist in sufficient amounts, the low pH of dissolved CO2 water 
is buffered and calcium carbonate is precipitated. When portlandite and C-S-H gel are completely 
dissolved, the low pH is not buffered and dissolution of CaCO3 and precipitation of chalcedony (SiO2) 
occurs. The relevant chemical equations are as follows. 
Ca(OH)2+ 2H+ + CO32-  -->  CaCO3 + 2H2O 
3CaO 2SiO2 3H2O 6H+ 3CO32-  -->  3CaCO3 6H2O 2SiO2 
CO2 + H2O + CaCO3  -->  Ca2+ + 2HCO3- 
As potential secondary minerals, calcium carbonate (CaCO3) and chalcedony (SiO2) are taken into 
account in the calculation. Friedel's salt is also set as a potential secondary mineral. Degradation of 
abandoned wells is a long-term process, for example, 1,000 years. Therefore, as potential secondary 
minerals, analcime (Na type zeolite, NaAlSi2H2O7) and laumontite (Ca type zeolite, CaAl2Si4H8O16) are 
also taken into account. 
2.4. Calculation results of degradation experiment of cement by CO2 
The alteration length of a core specimen in wet CO2 is different from the altered length of a core 
specimen in water saturated with dissolved CO2. The alteration length in the latter case is greater than that 
in the case of supercritical CO2. Lengths of alteration are calculated in both cases which are experiments 
in saturated water with dissolved CO2 and supercritical CO2. Calculation results are shown in Fig. 3, Fig. 
4 and Fig. 5. 
In the case of water saturated with dissolved CO2, a length of nearly 1 mm lengthfrom the surface of 
specimen was altered after 100 hours. After 1,600 hours, the alteration length from the surface did not 
increase and the alteration length after 1,600 hours was almost the same as that after 100 hours. In this 
experiment, it is assumed that the change of pore structure made it difficult for dissolved ions to diffuse 
from the surface of the core to the inside of the core. Therefore, diffusivity of the aqueous ion in the 
calculation model was set as a smaller value when calcite precipitates and porosity is reduced. As a result, 
migration of bicarbonate ion and other ions from the edge to the center of the specimen beyond the 
altered zone does not happen in the calculation model. 
Comparison of model calculation results with experimental results is shown in Fig. 3. The calculated 
(modeled) alteration lengths are in good agreement with the experimental alteration lenghts. The 
composition of minerals after 1,600 hours of model calculations is shown in Fig.4. Near the center of the 
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specimen, unaltered cement minerals exist, for example, portlandite (Ca(OH)2). On the other hand, calcite 
(CaCO3) is precipitated near the edge of the specimen. 
In the case of supercritical CO2, the alteration length after 1,600 hours is greater than the alteration 
length after 100 hours. Therefore, the calculation model is set so that the change of porosity did not make 
the diffusivity too small. Comparison of the calculation results and experimental results is shown in Fig. 5. 
The altered length after 1,600 hours in the experiment is almost the same as the modeled altered length. 
70 °C, 18 MPa, Class G cement, saturated water with dissolved CO2 
 Experimental results Calculation results 
After 100 hours 
 
Red frame shows the area of the 
calculation. Altered zone is white 
and unaltered zone is gray. 
Volume fraction
0 1 2 3 54 6 7   mm
Calcite
0 1 2 3 54 6 7   mm
salt  
After 1,600 hours 
 
The red frame shows the area of 
the calculation. The altered zone is 
white and unaltered zone is gray. 
Volume fraction
0 1 2 3 54 6 7   mm
Calcite
0 1 2 3 54 6 7   mm
salt Volume fraction  
Fig. 3. Comparison of the calculation results with the experimental results of 100 hours and 1,600 hours 
70 °C, 18 MPa, Class G cement, Saturated water with dissolved CO2 
 Experiment results Calculation results 
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The red frame shows the 
area of the calculation. The 
altered zone is white and 
unaltered zone is gray. 
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Fig. 4. Calculated mineral composition after 1,600 hours 
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70 °C, 18 MPa, Class G cement, supercritical CO2
Experiment results Calculation results
After 100 hours
The red frame shows the area of 
the calculation. The altered zone is
white and unaltered zone is gray.
Volume fraction
0 1 2 3 54 6 7   mm
Calcite
After 1,600 hours
The red frame shows the area of 
the calculation. The altered zone is
white and unaltered zone is gray.
Volume fraction
0 1 2 3 54 6 7   mm
Calcite
Fig. 5. Comparison of model calculation results with experimental results (70 °C, 18 MPa, Class G cement, wet CO2)
 Long time behavior of abandoned well
3.1. Migration of injected CO2 in the reservoir
Numerical simulations of CO2
injection and migration in Type I and 
Type II reservoirs are carried out. Type
I and II are simulated at three depths,
each depth corresponding to the top of 
the reservoir: E.L.-1,000 m, E.L.-1,500
m and E.L.-2,000 m. The temperature 
at each depth is different: 50 °C, 60 °C 
and 70 °C at E.L.-1,000 m, E.L.-1,500
m, and E.L.-2,000 m, respectively.
3.1.1. Method of calculation
Migration of injected supercritical
CO2 in the reservoir is simulated by 
TOUGH2.
3.1.2. Calculation model
Fig. 6. Calculation model
Injection wellEL
-1000m
-1500m
-2000m
50 degree C
60 degree C
70 degree C
Injection wellEL
-1000m
-1500m
-2000m
50 degree C
60
70
Saline formation Type I Depleted hydrocarbon gas field Type II
1. Volume of reservoir is the same as volume of the
cylinder whose radius is 5km and whose thickness is
100m.
2. 20 million ton of CO2 are injected under fractured
pressure.
3. Porosity of reservoir is 24%. Swir is 35%.
4. Boundary conditions at upside and downside of the
reservoir is closed.
5. Horizontal permeability is 50md. Vertical permeability is 
5md.
1. Volume of reservoir at EL-2,000m is possible for 20 million
ton CO2 to be injected under the hydrostatic pressure at 
EL-2,000m. The volume of other depths is the same as
EL-2,000m.
2. CO2 are injected until the pressure of reservoir get the 
hydrostatic fluid pressure at each depth. Max of injected 
CO2 is 20 million ton.
3. Porosity of reservoir is 25%. Swir is 35%. Before injection,
65% is methane gas whose pressure is 5MPa.
4. Boundary conditions are closed.
5. Horizontal permeability is 50md. Vertical permeability is
5md.
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Migration of CO2 in Type I and II reservoirs when CO2 is injected is simulated. The simulation 
conditions are shown in Fig. 6. 
3.2. Conditions of calculation 
Migration of CO2 in each reservoir was calculated at 50 °C, 60 °C and 70 °C at depths of E.L.-1,000 m, 
E.L.-1,500 m and E.L.-2,000 m. In the case of Type I at E.L.-1,000 m, 20 million metric tonnes are 
injected through 40 years at the rate of 0.5 million metric metric ton CO2 per year. After 40 years, a total 
of 20 million metric tonnes has been injected. During injection and during 1,000 years after injection 
stops, migration is simulated. In the case of E.L.-1,500 m and E.L.-2,000 m, one million metric tonnes 
CO2 is injected per year for twenty years, resulting in a total injection of 20 million metric tonnes CO2. In 
the case of the Type II reservoir, CO2 is injected until the pressure in the reservoir reaches hydrostatic 
pressure at each depth. Hydrostatic pressure when top of reservoir is E.L.-2,000 m is assumed to be 20 
MPa, 15 MPa at E.L.-1,500 m and 10 MPa at E.L.-1,000 m. 
3.3. Results of simulation 
3.3.1. Type I Reservoir (Saline aquifer) 
Although CO2 is injected at the bottom from a horizontal well, CO2-rich phase (gas phase with 
primarily CO2 plus a small amount of vaporized water) ascends to the top of the reservoir under the 
buoyant effect. After injection stops, CO2 in the gas phase remains trapped underneath the cap rock. As 
CO2 migrates upward, CO2 dissolves into the water surrounding the CO2-rich phase. With the absence of 
flow (assumed), the dissolved CO2 spreads slowly via molecular diffusion. It can be seen that after 1000 
years since the cease of injection, most CO2 is still trapped in the reservoir where it is initially injected. 
These results are shown Figs 7 for the depth of E.L.-1,000 m and 8 for the depth of E.L.-2,000 m. It can 
be seen that there is an initial dry-out near the injection well during and right after injection due to 
vaporization of water into the gas phase. This is accompanied by a small amount of salt precipitation. 
Dry-out disappears eventually when free CO2 ascends to the top of the reservoir. 
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Fig. 7. Type I (E.L.-1,000 m) 
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Fig. 8. Type I (E.L.-2,000 m) 
3.4. Calculation result of Type II reservoir (depleted gas field) 
The calculation results of Type II are shown in Fig. 9 (for CO2 mole fraction in gas) and Fig. 10 (for 
dissolved CO2 in water) for the depth of E.L.-1,000 m. In the depleted gas reservoir, CO2 is injected from 
a horizontal well near the top of the reservoir. CO2 initially descends due to pressure-driven and gravity 
effects. After injection stops, the slower process of CO2 and CH4 mixing via diffusion becomes dominant. 
By 1,000 years after injection stops, the two gases are almost well mixed throughout the reservoir as 
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demonstrated in Fig. 9. The distribution of dissolved CO2 is strongly affected by the gas phase CO2 
distribution, as shown in Fig. 10. 
Time CO2 mole fraction in gas 
During 
injection 
1 year 
after 
injection 
starts  
After 
injection 
stops 
70 years 
after 
injection 
starts  
1,000 
years after 
injection 
stops  
Fig. 9. Temporal change of mol ratio of CO2 in gas phase (E.L.-1,000m) 
Time Concentration of dissolved CO2 
During 
injection 
1 year 
after 
injection 
starts  
After 
injection 
stops 
70 years 
after 
injection 
starts  
1,000 
years after 
injection 
stops  
Fig. 10. Temporal change of dissolved CO2 concentration (E.L.-1,000m) 
4. Assessment of degradation of abandoned well 
4.1. Assessment 
4.1.1. Method 
Alteration of cement materials in an abandoned well is calculated using PHREEQC-TRANS. The 
model results, which are almost the same as the experimental results shown in '2 Simulation of 
experimental results', are used.. 
4.1.2. Model 
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The position of the abandoned well is shown in Fig. 11. Well-1 is in contact with supercritical CO2 for 
1,000 years. Well-2 is in contact with saline water saturated with dissolved CO2 for 1,000 years. Well-3 is 
far away from the injection well and is in contact with saline water 
during the 1,000 year period. 
 
In the case of the depleted gas field, portions 
of the abandoned wells are shown in Fig. 12. 
Well-4 is in contact with supercritical CO2 over 
1,000 years. Well-5 is located well away from 
the reservoir and is in contact with pure saline 
water over 1,000 years. 
4.2. Long-term behavior of abandoned well 
4.2.1. Type I reservoir 
In the case of supercritical CO2, the 
alteration length of cement is less than one meter after 1,000 years. Figs. 
13 and 14 show the results. The porosity after 1,000 years remains the same as the initial porosity because 
carbonate minerals precipitate to compensate for minerals that have dissolved 
 
 
 
To confirm the difference in alteration length of cement between reservoir depths E.L.-1,000 m and 
E.L.-2,000 m, the degradation of cement ....is calculated for each depth. The temperature at E.L.-2,000 m 
is higher than that of E.L.-1,000 m. Therefore, the solubility of supercritical CO2 in formation water at 
E.L.-2,000 m is smaller than that at E.L.-1,000 m. On the other hand, the pressure at E.L.-2,000 m is 
larger than that at E.L.-1,000 m. Therefore, the solubility of supercritical CO2 to formation water at E.L.-
2,000m is greater than that at E.L.-1,000 m. As a result, the saturated CO2 concentration in water in the 
reservoir at depth E.L.-2,000 m is greater than that at E.L.-1,000 m. Therefore, the carbonation at E.L.-
2,000 m progresses faster than that at E.L.-1,000m. However, as shown in Fig. 15, the difference in 
alteration lengths between E.L.-1,000 m and E.L.-2,000 m is small. 
Fig. 11. Type I (EL-
1,000m, at 1,000 years 
-1
Well-2 Well-3
Gas saturation
Fig. 12. Positions of abandoned wells 
at Type II reservoir 
-4 Well-5
70 years after injection starts
1,000 years after injection stops
Fig. 13. Volume fraction of cementitious minerals (Type I, EL-
1,000 m, after 1,000 years); Volume fraction at 0 year is 1.0. 
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Fig. 14. Porosity (Type I, EL-1,000 m, after 1,000 years) 
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4.3. Type II reservoir  
The volume fraction of cementitious minerals after 1,000 years is shown in Fig. 16. Cement minerals 
are dissolved only in the lower part of the abandoned well. After the cement minerals dissolve, carbonate 
mineral precipitates. As a result, porosity is almost the same as the initial porosity (Fig. 17). 
5. Conclusion 
In this assessment, the modeling involved numerical simulations of CO2 injection into a generic saline 
aquifer and depleted gas field which have the resultant distribution of gas and formation water within the 
storage reservoir. The results of these simulations were then used as the boundary conditions for more 
detailed assessment of possible CO2 vertical migration through the cement seals of an abandoned well, 
towards an upper aquifer. The assessment timeframe was 1,000 years after CO2 injection ceased. 
The first simulations concerning migration of supercritical CO2 and dissolved CO2 in a saline aquifer 
and a depleted gas field reservoir, were carried out using TOUGH2. The following temperatures and 
depths of reservoir were selected: 50 ºC at E.L.-1,000 m, 60 ºC at E.L.-1,500 m and 70 ºC at E.L.-2,000 
m,. The injection rate is one million metric tonnes/year at all depths of a depleted gas field. The injections 
were stopped after the pressure in the reservoir reached the hydrostatic pressure at each depth in the case 
of the depleted gas field reservoir. As for the saline aquifer reservoir, the injection rate is one million 
metric tonnes/year at E.L.-1,500 m and E.L.-2,000 m. At E.L.-1,000 m, the injection rate is half of one 
million metric tonnes/year to ensure the reservoir pressure does not reach the fracture pressure of cap rock. 
Secondly, geochemical reactions of cement seals (plugs and casing cement) were simulated. The 
results of reservoir simulations were used as boundary conditions for the geochemical calculation of 
cement seals. Using the geochemical calculation code (PHREEQC-TRANS) and thermodynamic database, 
the chemical reactions of cement seals by CO2 were simulated. Initial minerals in the cement seals are C-
S-H gel, portlandite, hydrogarnet, ettringite and brucite. These initial minerals are dissolved due to 
dissolved CO2 in the free water in the cement seals. After initial minerals are dissolved, secondary 
minerals are precipitated: calcite (calcium carbonate), zeolite, Friedel's salt, and chalcedony. Calcite 
makes up the majority of the volume of secondary minerals. The initial porosity of cement seals was 
about 20 vol%. After alteration of cement seals to secondary minerals, the porosity is no greater than the 
initial porosity because calcite is precipitated in the pore space of the cement seals. Geochemical 
Fig. 15. Volume fraction of cementitious 
minerals (Type I, comparison of EL-1,000 
m with EL-2,000 m) ; Volume fraction at 
0 year is 1.0. 
EL-1,000m EL-2,000m
Contacting with 
supercritical CO2 
during 1,000 years
m m
Contacting with 
supercritical CO2 
during 1,000 years Fig. 16. Volume fraction of cementitious minerals 
(Type II, EL-1,000 m, after 1,000 years) ; 
Volume fraction at 0 year is 1.0. 
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well-4
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m
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Contacting with saline 
water during 1,000 years
Fig. 17. Porosity (Type II, EL-1,000 m, after 
1,000 years) 
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simulation of the reactions yielded the extent (length) of alteration of cement seals (plugs and casing 
cement) after long time periods; for example, the alteration length of cement seals after 1,000 years was 
about one meter. This length is short enough so that the usable cement seals (plugs and casing cement) of 
abandoned well are able to continue to isolate CO2 in the reservoir from the upper aquifer. 
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